Abstract: A full-scale field study was conducted to investigate the effects of rainfall infiltration on a natural grassed expansive soil slope in China. A 16 m wide × 28 m long area was selected for instrumentation. The instrumentation included jet-filled tensiometers, moisture probes, a tipping bucket rain gauge, and a vee-notch flow meter. One artificial rainfall event amounting to about 370 mm rain depth in total was applied to the slope. The monitored results suggested that there was about a 3 day delay in the response of surface runoff, pore-water pressure, and water content to the commencement of the simulated rainfall. The depth of influence of the rainfall, depending on the elevation along the slope, ranged from 2.8 to 3.5 m. Positive pore-water pressures were measured within the influence depth, and there existed significant subsurface downslope flow at the end of the simulated rainfall, particularly near the lower part of the slope. A comparison of infiltration rates between the grassed area and a bare area nearby indicated that the presence of grass significantly increased the infiltration rate and reduced surface runoff. The cracks and fissures developed in the unsaturated expansive soil played an important role in the hydrological process.
Introduction
Landslides in unsaturated soils are often induced by rainfall infiltration during wet seasons. Field studies on the effect of rainfall infiltration on slope instability have been carried out by numerous researchers (Johnson and Sitar 1990; Affendi and Faisal 1994; Lim et al. 1996; Zhang et al. 2000) . Almost all of these field studies have been carried out on residual soils that are nonexpansive soils. An expansive soil with active clay minerals exhibits significant swelling and shrinking upon wetting and drying. Consequently, an abundance of cracks and fissures develop in the upper part of the soil profile. The hydrological response of the expansive soil to rainfall can be significantly different from that of a less active residual soil. The rainfall infiltration into a crack-rich expansive soil results in a complex process of rainfall infiltration and volume change (Flury et al. 1994; Hillel 1998) . The field study conducted by Johnson and Sitar (1990) suggested that the hydrological response of a hillslope to rainfall was extremely complex and could not be fully explained using traditional hydrological models. The infiltration process and its effect on slope instability are also influenced by the vegetation cover on the slope surface (Coppin et al. 1990; Gray 1995) . Most previous studies on relationships amongst vegetation, rainfall infiltration, and slope instability have been on a qualitative level. As far as the authors are aware, few quantitative field studies have been carried out to investigate the influence of vegetation on rainfall infiltration and slope instability involving unsaturated expansive soil.
A full-scale field study was carried out on an unsaturated expansive soil slope in the Hubei province of China (i.e., in west-north China). The field study was meant to assist in the engineering design of the 180 km portion of the canal to be excavated in unsaturated expansive soils along the middle route of the South-to-North Water Transfer Project (SNWTP) (Ng et al. 2003) . The field study consisted of two neighboring monitoring sloping areas (16 m wide × about 30 m long each): a bare soil slope and a natural slope with grass surface. Rainfall simulation tests and in situ monitoring were conducted on both areas. The observed performance of the bare soil slope has been reported by Ng et al. (2003) . The major findings in the previous paper are the complex interaction among the changes in suction, horizontal stress, and horizontal and vertical displacements in the bare soil slope subjected to two artificial rainfall events. In this current paper, monitored results from the natural grassed sloping area are reported with an emphasis on the effect of the natural grass cover on responses of the ground to rainfall infiltration. The data collected include rainfall intensity, infiltration rate, surface runoff, changes of soil suction, and water content. The influence of the natural grass cover on rainfall infiltration into the slope is discussed by comparing the observed differences in the infiltration rate between the bare soil area and the natural grassed area.
The test site
The test site is located in Zaoyang, Hubei, China, about 230 km northwest of Wuhan and about 70 km south of the intake canal for the SNWTP in Nanyang, Henan. The site is a semiarid area with an average annual rainfall of about 800 mm. About 70% of the annual rainfall occurs between May and September.
The test site was selected on a cut slope that was prepared as part of an excavation canal (Fig. 1) . The canal was excavated in 1970 with an mean excavation depth of 13 m. The slope had an inclination angle of 22°(i.e., 1:2.5) and a height of 11 m (measured from the top of the retaining wall). The surface of the slope was covered with naturally occurring grass but no trees were present. The primary vegetation species consisted of couch grass and weed. The height of the vegetation ranged from about 100 to 500 mm. The root depth observed on excavated surfaces ranged from about 100 to 300 mm. The adjacent bare soil previously mentioned was obtained by removing the top soil to a depth of about 10 mm. As shown in Fig. 1 , there are a number of typical shallow retrogressive slope failures, immediately to the west of the selected monitoring area.
Soil profile and properties
Prior to installing instrumentation on the slope, a borehole investigation was conducted around the monitoring area to investigate the ground conditions. Soil sampling, standard penetration tests (SPT), and dilatometer tests (DMT) were conducted in the boreholes (Ng et al. 2003; Zhan 2003) . The soil profiles and geotechnical parameters obtained from the boreholes near mid-slope are shown in Fig. 2 . The geotechnical measurements include water content, dry density (ρ d ), SPT N value, the undrained shear strength (c u ), and the lateral earth pressure coefficient (K 0 ), deduced from the DMT measurements. The predominant stratum below the slope surface was a brown-yellow mottled gray clay. The clay layer was sometimes interlayered with thin layers of gray clay or iron concretions. X-ray diffraction analyses indicated that the predominant clay minerals for the samples taken from the top 2 m soil layer were illite (16%-25%) and smectite (11%-21%), with a small percentage of kaolinite (2%-5%). Some typical properties of the natural (so-called undisturbed) expansive clay are given in Table 1 . The soil is classified as a silty clay with a medium expansivity in accordance with the criterion proposed by Sridharan and Prakash (2000) . The upper soil layer with a thickness varying from 1.0 to 1.5 m was rich in cracks and fissures, particularly at the upper part of the overall slope. Figure 3 shows pictures of cracks and fissures observed on the wall of a two-step excavation pit near the monitoring area. The maximum depth of the open cracks was estimated to be approximately 1.2 m. The maximum width of the open cracks was about 10 mm. The soil also contained a variety of narrower cracks. The abundance of cracks and fissures is likely related to the swelling and shrinking phenomenon associated with expansive clay soils. Double-ring infiltration tests were carried out around the monitoring area to investigate the infiltration characteristics of the soil layer near the ground surface. These tests were performed prior to the installation of the instrumentation. The double-ring infiltrometer consisted of two stainless steel rings with different diameters (i.e., inner and outer rings), a Marriotte supply bottle mounted on the inner ring, and a constant-head water supply device mounted on the outer ring. The diameters of the inner and outer rings were 0.5 and 1 m, respectively. Figure 4 shows the changes of infiltration rate with time measured for two different ground conditions, (i.e., one infiltration test in an area abundant with open cracks and the other without obvious open cracks). The measured infiltration rate in the ground without obvious open cracks was distinctly low (i.e., in the order of 10 -7 m/s or less). The gradual decrease of infiltration rate during the first 2 days of the test appears to be primarily due to a decrease in hydraulic gradient resulting from a loss of soil suction upon wetting. In the cracked ground, the infiltration rate measured within the first 1-2 h was quite large (i.e., in the order of 10 -4 m/s). This was attributed to the rapid ingress of water into the opened cracks. The infiltration rates decreased dramatically with test duration during the first half day and then tended towards a steady value. The main reason for the sharp decrease in infiltration rate appears to be related to the water storage capacity of the open crack channels. These cracks tended to close with time because of soil swelling upon wetting. Favre et al. (1997) also reported that high intensity rain falling onto a dry and cracked soil resulted in rapid crack closure at the soil surface within 4.5 h because of swelling of unsaturated soils, and that the bypass flow processes were a matter of several hours only. As shown in Øygarden et al. (1997) . The authors found that measured values of hydraulic conductivity on site varied by three orders of magnitude from 10 -4 to 10 -7 m/s because of the variability of cracks.
Instrumentation

Instrumentation layout
A 16 m × 28 m naturally grassed area was selected on the studied slope for the installation of instrumentation. The instruments included jet-filled tensiometers, moisture probes (Thetaprobe 1999) , a tipping bucket rain gauge, and a veenotch flow meter. The layout of the instruments is shown in Figs. 5 and 6. There were three rows of instrumentation for monitoring soil suction and water content (i.e., R1 at the upper part, R2 at the middle part, and R3 at the lower part of Can. Geotech. J. Vol. 44, 2007 the slope). In total, 17 jet-filled tensiometers were installed for suction measurements. The embedment depth for all the tensiometers was greater than 0.9 m. This depth was selected because the initial soil suctions near the ground surface exceeded the measuring range of tensiometers based on data obtained from thermal conductivity suction sensor measurements on the adjacent bare soil area (Ng et al. 2003) . In total, six moisture probes were installed between a depth of 0.9 and 1.8 m. The sensors at each row were spaced 1 m apart. At each depth, there were generally two tensiometers and one moisture probe. The measured data from the three sensors could be compared. After installing each of the tensiometers or moisture probes, the installation holes were backfilled with moist soil. The backfill soil was compacted to a dry density close to the in situ dry density. The adopted procedure was meant to prevent rainwater from leaking into the installation holes through open cracks near the ground surface (Zhan 2003) . The readings from all the tensiometers were manually collected. The data from the moisture probes were collected using a data logger.
Moisture probes (called Thetaprobes) adopt a standing wave technique to measure an apparent dielectric constant of a soil. The measured apparent dielectric constant is correlated with volumetric water content of the soil. The accuracy of the measurements is affected by many factors such as variations in soil composition, dry density, and cracks (Li et al. 2002) . For the field monitoring reported in this paper, in situ calibrations were carried out. Results of the calibration indicated that an error in measurement could be up to 5% of volumetric water content. Therefore, measured volumetric water contents by Thetaprobes should be interpreted with caution.
Disturbed samples were also taken by auger from near the three rows of instrumentation. These samples were used for the determination of the gravimetric water content (GWC) profiles. Water content sampling was undertaken every second day during the rainfall simulation period. All auger holes were backfilled immediately after sampling.
The groundwater level shown in Fig. 6 was estimated from the borehole investigations. The water levels in the boreholes were monitored periodically during the field study period. It was found that the influence of the artificial rainfall simulation on the groundwater level was negligible. In other words, the depth of influence by the simulated rainfall was confined primarily to the top 3 m.
A tipping-bucket rain gauge was installed to record the intensity and duration of rainfall. Flow meters were installed on the main water-supply line to the sprinkler system to record the total amount of water applied to the entire slope area at any given time interval. A water collection trench was constructed along the toe of the slope to measure surface runoff using an automatic vee-notch flow meter system installed at the end of the trench (Zhan 2003) .
Artificial rainfall simulation
Rainfall was produced artificially using a sprinkler system specifically designed for this test site. The sprinkler system was comprised of a pump, a main water-supply line, three groups of distribution tubes (numbered 1, 2, and 3, respectively), and 35 sprinkler heads (see Fig. 7 ). The system could produce three levels of rainfall intensity (i.e., approximately 3, 5, and 9 mm/h). The three levels of rainfall were regulated via three flow-rate controlling valves. The lowest, medium, and highest levels of rainfall intensity were controlled by opening three distribution tubes (i.e., A, E, and I), five distribution tubes (i.e., A, C, E, G, and I), and all 10 distribution tubes, respectively. The sprinkler heads for the three groups of distribution tubes were arranged in such a way that a relatively uniform rainfall could be produced (Zhan 2003) . The artificial rainfall intensity applied in this study was approximately 2.9 mm/h.
The monitoring period for the grassed area lasted for 2 weeks (i.e., from 14 September to 28 September 2001), during which time one rainfall event was simulated (see Fig. 8 A more detailed plot of the simulated rainfall intensity is shown in Fig. 9 . It can be seen that the rainfall intensity was maintained at approximately 2.9 mm/h except for three intermittent periods. The first intermittent period was between 8:20 pm of 18 September to 9:40 am of 19 September. This first stoppage of rainfall was due to a malfunction of the pumping system. During the other two intermittent periods, artificial rainfall was stopped to obtain auger samples for the determination of water contents. Figure 9 shows the changes in percentage of surface runoff with time along with the intensity of the simulated rainfall. The percentage of runoff is equal to measured surface runoff divided by rainfall intensity. During the first 3 days after the beginning of the artificial rainfall, no surface runoff was observed on the slope surface (i.e., 100% of rainfall infiltrated). It was like a supply controlled infiltration (Hillel 1998) . Three days later, surface runoff started to occur and the percentage of runoff increased progressively with the duration of rainfall. After 5 days of rainfall, the percentage of runoff tended towards about 45%. With the measured surface runoff, the infiltration rate could be deduced. The infiltration rate was initially equal to the rainfall intensity (i.e., 2.9 mm/h), and it decreased to a value of 1.6 mm/h after 5 days of rainfall. The decrease in infiltration rate was primarily related to the open cracks and fissures that had become filled and gradually closed up because of the swelling of the soil upon wetting. Another reason may be due to the decrease of the hydraulic gradient as a result of reduction in soil suction. It is understandable that the infiltration rate at the end of the simulated rainfall period (1.6 mm/h = 4.7 × 10 -7 m/s) was close to the final infiltration rate measured from the double-ring infiltration test on the ground with open cracks (see Fig. 4 ). The results indicate that the final infiltrability of the soil essentially attained a constant hydraulic conductivity value regardless of the significant differences in the initial infiltrability resulting from different ground surface conditions.
Observed performance
Surface runoff
Pore-water pressures or soil suctions
Response of pore-water pressure Figures 10a-10c show the changes of pore-water pressure with time in response to the simulated rainfall recorded at sections R1, R2, and R3, respectively (i.e., at the upper, middle, and lower parts of the slope). At each section, if the measurements from the two tensiometers installed at the same depth were consistent with each other, only the results from one of the two tensiometers were presented in Fig. 10 . The number in the legend of Fig. 10 denotes the installation depth of the tensiometers and "W or E" denotes the west or east tensiometers installed at the same depth (see Fig. 5 ). Figure 10a shows that just prior to the beginning of the rainfall on 18 September 2001, negative pore-water pressures ranging from 58 to 68 kPa were recorded by the four tensiometers within the top 1.5 m of soil. The values of negative pore-water pressure measured by the two tensiometers installed at the same depth but spaced 2 m apart (i.e., R1-T-1.5(W) and R1-T-1.5(E)) were reasonably close to each other. The variation in negative pore-water pressure with depth appears to be relatively insignificant. Can. Geotech. J. Vol. 44, 2007 After the commencement of the simulated rainfall, negative pore-water pressures recorded by the tensiometers began to decrease only after 3 or more days of rainfall. In other words, the pore-water pressure responses showed a delay of 3 days or more. The duration of delay was consistent with the delay observed in the onset of surface runoff. Tensiometer R1-T-1.5(E), showed a significantly longer delay than the other tensiometer installed at the same depth (i.e., R1-T-1.5(W)). The delay appeared to have no relationship to the installation depth. The observation may be related to the preferential flow through the open cracks in the unsaturated expansive soil. As previously mentioned, an abundance of cracks and fissures were found in the field and some open cracks were observed to extend as deep as 1 m. The ingress of water through the open cracks was much more rapid than the seepage through the intact expansive clay that had a distinctly lower water coefficient of permeability (see Fig. 4 ). As a result, the tensiometer tip that was located near an open crack tended to show a more rapid response. On the other hand, a tip located in an intact soil mass could record a delayed response (e.g., R1-T-0.9). After the tensiometers started to respond, the recorded negative pore-water pressures decreased gradually towards zero. Positive pore-water pressures were recorded at the end of the simulated rainfall by all the tensiometers installed within the top 1.5 m of soil. After the end of the simulated rainfall (on 25 September), positive pore-water pressures quickly dissipated, and a slight recovery of suction was observed. The fluctuation of porewater pressure observed on 25 September may be attributed to the difference in barometric pressure between the day time and the night time. Figures 10b and 10c show the pore-water pressure responses measured at the other two sections (i.e., R2 and R3). Each of these sections also showed a delay in pore-pressure response of about 3 days, except that the tensiometer installed at a depth of 0.9 m at the R3 section showed shorter delay. It is unexpected that the tensiometers installed in the deep soil layers at R3 (i.e., R3-T-1.8 and R3-T-2.4) responded as rapidly as the shallower tensiometer (i.e., R3-T-1.2). The unexpected observation can be explained in terms of the downslope water flow along the deep uncracked layer or possibly through preferential flow through a deep, extended crack. Johnson and Sitar (1990) tails related to downslope water flow are presented later in this paper. After the tensiometers started to respond, the recorded changes of pore-water pressure with time at R2 and R3 became more rapid than those measured at R1. This may be attributable to the difference in the water storage capacity of the soil profile above the monitoring level in the three sections. The soil profile on the lower part of the slope is closer to the long-term groundwater table and had less water storage volume available for infiltration. Consequently, it appears that the pore-water pressure response can be more rapid. At the end of the simulated rainfall, all the tensiometers installed on the three sections recorded a positive pore- water pressure. The dissipation of positive pore-water pressure appeared to be most rapid on the R1 section, followed by the R2 section, and most gradual on the R3 section. Figures 11a-11c show the variations in pore-water pressure profiles at sections R1, R2, and R3, respectively. Prior to the commencement of the simulated rainfall (17 September), the negative pore-water pressures could be seen to generally decrease with depth. The hydraulic gradient at all three sections within a depth of 1.5 m deviated from the hydrostatic no-flow profile, suggesting an upward movement of moisture via evaporation or evapotranspiration.
Variations of pore-water pressure profiles
After 3 days of rainfall (i.e., on 21 September), changes in the pore-water pressure profiles due to rainfall infiltration at sections R1 and R2 (see Figs. 11a and 11b) were relatively insignificant. The soil layers between a depth of 0.9 and 1.5 m still maintained the original soil suction. At the R3 section (see Fig. 11c ), the changes in the pore-water pressure profile appeared to be relatively significant. On 22 September (i.e., 4 days after the commencement of rainfall), a significant increase in pore-water pressures was observed at all three sections. Positive pore-water pressures eventually appeared at other locations.
At the end of the simulated rainfall (i.e., on 25 September), a positive pore-water pressure profile was observed at all the three sections. The buildup of positive pore-water pressure at section R1 (see Fig. 11a ) was relatively insignificant when compared with those at sections R2 and R3 (see Figs. 11b and 11c ). This may be related to a greater deficiency in water content in the soil at the upper part of the slope prior to rainfall and also possibly because of the loss of water content resulting from a downslope subsurface flow after rainfall. The positive pore-water pressure profiles at sections R2 and R3 were close to the hydrostatic line, which was constructed by assuming that the groundwater table was at the surface of the slope (see Figs. 11b and 11c) . The data was consistent with a flooding of the sampling holes observed when the auger drill holes extended to a depth of about 2.5 m at sections R2 and R3. The positive pore-water pressures can be explained by considering water columns that extend through the deep, extended cracks or possibly there is an inclined perched water table that developed at the middle and lower parts of the slope. The development of perched water is most likely related to the presence of less permeable soil layers below the ground surface. The dry density profile shown in Fig. 2 suggests that there existed two relatively dense soil layers within the top 4 m (i.e., near 1.2 and 2.8 m). The borehole investigation results showed that the dense layer generally had a higher clay content and may possess a lower water coefficient of permeability. On the other hand, the amount of open cracks tended to decrease with an increase in the depth. The deeper dense layer (i.e., near 2.8 m) was likely to be relatively impermeable, creating conditions for the development of perched water above the dense layer.
Variations of piezometric level
Piezometric levels at each monitoring point can be determined from the pore-water pressure measurement and the elevation. Contours of piezometric level within the monitoring zone were constructed using the commercial software called SURFER. Figures 12a and 12b show the contours of piezometric level on 17 September 2001 (i.e., prior to the simulated rainfall) and 25 September 2001 (i.e., at the end of the simulated rainfall), respectively. Contours of the piezometric level prior to the simulated rainfall indicated an upward flux in the vertical direction and a downslope flux along the inclined slope. The simulated rainfall resulted in a directional change in moisture movement in the vertical direction. The contours of piezometric level in Fig. 12b show that in the upper part of the slope there is a downward flux in the vertical direction and a downslope flux along the inclined slope. However, in the lower part of the slope, the contours of piezometric level are nearly perpendicular to the slope surface, indicating that the downslope flux is dominant over the flux in the vertical direction. This appeared to be consistent with the significant surface runoff and the exiting of groundwater observed on the lower part of the slope. The data further supports the postulation that there exists a subsurface downslope water flow following a heavy rainfall. Figure 13 shows the changes in gravimetric water content profiles in response to the simulated rainfall. The measurements were obtained from direct sampling of auger cuttings. More data points were obtained for the gravimetric water content profiles than from the pore-water pressures profiles as shown in Fig. 11 . For the gravimetric water content profiles on 22 and 25 September, data points were not obtained below a depth of about 2.5 m at both R2 and R3. This was due to flooding of the sampling holes when the auger drilled down to a depth of 2.5 m. Figure 13a shows the changes in the gravimetric water content profiles at the R1 section. Just prior to the commencement of the simulated rainfall (on 17 September), the initial gravimetric water contents generally increased with depth, particularly within the top 1.5 m. The slight variation in gravimetric water content with depth might be due to the natural variations in soil density and composition. A comparison between the initial gravimetric water content profile and the profile corresponding to 20 September indicated that the influence of the first 2 day rainfall was confined to the top 0.6 m of soil. After 4 days of rainfall (i.e., on 22 September), a significant increase in gravimetric water content was measured, except in the dense soil layer near 1.2 m and in the soil layer deeper than 3.5 m. The significant increase in gravimetric water content between depths of 1.5 and 3.5 m indicated that a considerable amount of rainwater had infiltrated the relatively deep soil layer. This may be due to some deep, extended open cracks at the upper part of the slope. After 1 week of rainfall (i.e., on 25 September), a substantial increase in gravimetric water content was observed in all of the soil layers above a depth of 3.5 m when compared with the initial gravimetric water content profiles. Figures 13b and 13c show the changes of gravimetric water content profiles at R2 and R3, respectively. A significant increase in the gravimetric water content profile was observed within the top 1.5 m. However, the increase in gravimetric water content below 1.5 m was not as significant as that observed in the upper part of the slope (i.e., R1). The smaller changes in water content can be explained by a decreased amount of desiccation and crack formation in the soil profile in the lower part of the slope. This part of the slope is closer to the long-term groundwater table. The decrease in crack formation means that less water from infiltration can be stored, and hence, there is a smaller increase in water content. On the basis of the water content profiles and the pore-water pressure profiles (see Fig. 11 ), it is estimated that the depth of influence of the simulated rainfall was about 3.0 m for the R2 section and at the R3 section it was about 2.8 m. The depths are smaller than the depth of influence at the R1 section (i.e., 3.5 m). The greater depth of influence at R1 may be related to the greater depth of open cracks in the upper part of the slope and the deeper groundwater level. The depth of influence found in this study seems to be greater than that found in the field study performed by Lim et al. (1996) on a residual soil slope. The greater depth of influence would appear to be attributable to the extensive network of cracks existing in the unsaturated expansive soil. Figure 14 shows the changes of volumetric water content measured by the six Thetaprobes together with the changes of pore-water pressure recorded by the neighboring tensiometers installed at the same depth as those of the Thetaprobes. Similar to the pore-water pressure response (see Fig. 10 ), a delayed response was observed for the changes of volumetric water content recorded by the Thetaprobes. The length of the delay for the six Thetaprobes varied from 2 to 4 days. The duration of the delay recorded by each of the six Thetaprobes was fairly consistent with that recorded by each corresponding tensiometer, particularly at sections R2 and R3.
Water content
Variations of gravimetric water content profiles
Response of volumetric water content recorded by Thetaprobes
After the Thetaprobes began to respond, a significant increase in volumetric water content was recorded by each of the Thetaprobes, corresponding to an increase in the porewater pressure recorded by each corresponding tensiometer. Two different types of response could be identified for the Thetaprobes after the delay. Four of the six Thetaprobes showed a rapid increase in volumetric water content up to a steady value. However, the other two Thetaprobes at a depth of 1.2 m (i.e., R2-θ-1.2 and R3-θ-1.2) showed a gradual increase in volumetric water content to the maximum value at the end of the rainfall and then showed a prompt decrease. It is quite possible that the four Thetaprobes with a quick response were embedded near cracks and fractures, while the other two were located in a slower responding matrix of the soil. It should be noted that the slower responding Thetaprobes happened to be embedded at a depth of 1.2 m where a dense soil existed as shown in Fig. 2 . The maximum volumetric water contents recorded by R2-θ-1.2 and R3-θ-1.2 were significantly lower than those by the other Thetaprobes. This might indicate that the soil wrapping around these two Thetaprobes remained unsaturated at the end of the simulated rainfall, even though the corresponding tensiometers recorded positive pore pressures at the same depth but at different locations, indicating the heterogeneous nature of the ground.
Influence of grass cover on rainfall infiltration
As previously discussed, the field program consisted of two neighboring monitoring areas (both 16 m wide × about 30 m long); namely, a bare area and a grassed area. The duration and intensity of the rainfall event simulated in the grassed area were similar to those of the first rainfall event simulated in the bare area (Ng et al. 2003) . Figure 15 shows a comparison of infiltration rates between the bare and the grassed areas. The infiltration rate is assumed to be equal to the difference between the measured rainfall intensity and surface runoff. It is recognized that this calculation may not be very accurate for the grassed area since the grass cover may intercept and adsorb some rainwater. However, Branson et al. (1972) estimated that the storage capacity of grass ranges from 1 to 5 mm of rainfall, which is a relatively small portion of the simulated rainfall (370 mm in total). Consequently, the deduced infiltration rates appear to be suf- ficiently accurate. The intensity of the artificial rainfall simulated in the two areas is similar (i.e., 2.9 mm/h). No surface runoff was measured after the commencement of rainfall; therefore, the infiltration rate was equal to the rainfall intensity. In the bare area, the infiltration rate started to decrease after 1.5 days of rainfall. The infiltration rate decreased dramatically as the duration of the rainfall continued. In the grassed area, the infiltration rate started to decrease after about 3 days of rainfall. Therefore, the surface runoff in the grassed area showed a longer delay. The infiltration rate in the grassed area was equal to or significantly greater than that in the bare area for 1 week of rainfall.
The difference described above can be primarily attributed to the difference in the surface conditions between the two areas. In the bare soil area, the impact of raindrops tended to result in a thin, less-permeable crust being formed. The bare slope seemed to undergo spontaneous slaking and breakdown of clay aggregates upon wetting (Hillel 1960; Bridge and Collis-George 1973; Morel-Seytoux 1983) . Once the crust was formed, water ingress into the soil could be greatly impeded (Hillel 1998) . The formation of the surface crust was observed during examination of the ground surface after the simulated rainfalls. After the rainfall, the surface of the bare soil area appeared to be more uniform than the initial ground surface that consisted of soil aggregates networked with a number of open cracks. On the other hand, the grass cover in the grassed area appeared to protect the soil on the slope surface from being struck directly, and hence, minimized the formation of a less permeable crust on the surface of the slope (Coppin et al. 1990; Hillel 1998) .
The soil particles on the bare soil slope surface were easily detached and transported down the slope by surface runoff (i.e., hydraulic erosion). Soil particles also tended to move into the open cracks near the slope surface, gradually filling the open cracks. This process may also account for the decrease in infiltration rate of the soil layer near the ground surface. In the grassed area, the grass tended to increase the roughness of the surface of the slope and the root system of the grass provided more channels for water infiltration (Holtz 1983; Greenway 1987; Gray 1995) . The root system of grass also had a reinforcing effect on the soil mass near the slope surface. The reinforcing effect appeared to help to stabilize the soil aggregates so that the relatively large interaggregate pores could be maintained during rainfall. It was also postulated that the reinforcing effect may hinder the swelling of an expansive soil upon wetting and hence delay the closing of the open cracks and fissures. The soil layer near the ground surface in the grassed area showed a greater infiltration rate than that of the bare area. The surface runoff in the grassed area consequently showed a longer delay than that in the bare soil area.
After the termination of the simulated rainfall, a substantial amount of sediment was observed in the water collection trench at the toe of the slope in the bare area. On the other hand, the sedimentation was found to be negligible in the grass-covered area. This observation suggests that grass may provide more effective erosion control on the slope surface.
Conclusions
A full-scale, field-monitoring program was conducted to investigate the effect of natural grass cover on the rainfall infiltration characteristics of an initially unsaturated expansive soil slope. An artificial rainfall lasting for 7 days (about 370 mm in rainfall depth in total) was simulated and imposed on the slope. The observed responses in surface runoff, pore-water pressure, and water content generally showed a delay of about 3 days relative to the initiation of the simulated rainfall. Due to the randomly distributed crack patterns, the responses in pore-water pressure and water content were spatial and temporal variables. However, the measurements by Thetaprobes and tensiometers were qualitatively consistent.
The depth of influence by the simulated rainfall, depending on its elevation along the slope, varied from 2.8 to 3.5 m. At the end of the simulated rainfall, a significant buildup of positive pore-water pressures was observed within the influence depth, particularly at the lower part of the slope. Results of field monitoring indicated a significant subsurface downslope flow along the surface of the deep uncracked soil layer.
A comparison of infiltration rates between the grassed area and the nearby bare area indicated that the grass could significantly increase the infiltration rate in the shallow soil layer and retard surface runoff by about 1.5 days. After the 7 day artificial rainfall period, the infiltration rate was estimated to be in the order of 10 -7 m/s, which was similar to the stabilized infiltration rate measured from the double-ring infiltration test on the ground with open cracks.
